Abstract
Introduction
The polyamidoamine dendrimers with an ethylenediamine core (PAMAM-DEA) are now commercially available and have a great potential in different applied fields [1] . In these particular dendrimers, both primary and tertiary (or peripheral and inner) amino groups can be protonated and this protonation is strongly influenced by the physiological conditions of the medium, particularly the solution pH. (All amine groups are expected to be fully protonated at low pH and they should be neutral in high pH solution). Due to their structural flexibility, size and shape of the dendrimers can be altered by the absence or presence of strong repulsive interaction between groups with positive charges, allowing or not for the inclusion of other molecules. This feature suggests a promising way to module the transportation and delivery of drugs.
Molecular Dynamics (MD) simulations can be a useful tool to predict properties of complex molecular systems [2] . Atomistic interactions can be described through the potential energy terms contained in different force-field files. The simulations have the advantage of predicting some properties that are not accessible from experiments in an easy way, as the detailed structure in the interior of a dendrimer molecule, including free-space and distribution of solvent molecules and counter-ions. The particular case of the PAMAM-EDA molecule including four generations (G4) has been extensively studied considering different degrees of protonation [3] . The earlier simulations [4] for this system yielded very different sizes depending on the protonation level. However, these results are in contradiction with the most recent and reliable experimental estimations obtained from small angle neutron scattering (SANS) measurements [5] which show a weak variation of the dendrimer size with pH. This lack of significant influence of the solution pH on dendrimer size was also previously observed in experiments dendrimers of higher generation number [6] . More recently, new simulation results have achieved a better agreement with the experimental data for the G=4 case [7] . These new results are based in a modification of the general purpose, or universal, Dreiding force-field [8] that explicitly considers some types of hydrogen bonds.
In a similar way, we have investigated the role of hydrogen bonds in the alternative more specific, class II, PCFF force-field [9], using also the TIP3P molecular parameters and partial charges for water [10] . With these specifications we have been able to find a similarly good reproduction of the neutron scattering data for G=4 PAMAM-EDA dendrimers with different degrees of protonation [11] . In the present work, we explored some features revealed from the analysis of the initial 2ns of the simulation trajectories, in particular the location of the amine groups within the dendrimer, the angular distribution of the density around the dendrimer center for conformations of neutral and charged dendrimers and the time evolution of the mean number of water molecules associated to amines located at different shells.
Models and methods
We performed our molecular dynamics simulations using the Materials Studio (MS) [12] software suite and the open source MD software DL-POLY [13] . We easily constructed the initial dendrimer configurations in vacuum using the MS module "Visualizer" building tools. These configurations were subsequently minimized. The minimizations were carried out with the "Discover" module also included in the MS suite.
We verified that the neutral molecules cannot have access to part of the representative open conformations if we directly use initial conformations provided by the MS building tools. (However, we did not observe a similar problem for the protonated molecules). We performed some minimizations of the protonated dendrimer structure in vacuum with an adequate cut-off of the Van der Waals interactions and a high dielectric constant. These specifications do not try to provide a realistic description of the isolated dendrimer molecule in vacuum, but they are needed to ensure a sufficiently open starting conformation. The resulting open protonated structures were then reconverted as neutral dendrimers. In all cases, the atom partial charges within the dendrimer molecule were set according to the charge equilibration method [14] based on the equilibration of atomic electrostatic potentials with respect to a local charge distribution.
Employing the MS module "Amorphous Cell", we constructed relaxed simulation boxes with periodic boundary conditions of size L. In these boxes we included a dendrimer molecule together with 4,000 water molecules. In the case of the protonated dendrimers, we also add 126 chlorine anions that neutralize all the charged (tertiary and primary) amine groups.
Preliminary simulations were performed at constant pressure, P=1 atm. and temperature, T=300 K, (in the NPT ensemble) until we reach a constant value of the density. Final MD simulations were performed at constant temperature (NVT ensemble) using the open source molecular dynamics software DL-POLY [14] . This software offers a high flexibility when it comes to incorporating new force-field parameters [15] . Dielectric constant was fixed to the vacuum value, ε=1.
Our final trajectories are extended over 10 6 simulations steps of 1 fs. We have verified that total energy and temperature oscillate around stabilized mean values in the analysed trajectories.
In previous simulations for PAMAM-EDA [7] with the Dreiding force-field, experimental dendrimer sizes could only be reproduced through an explicit description of hydrogen bonds. We have verified that the direct use of the PCFF force-field for the dendrimer atom interactions also gives a substantial variation of the dendrimer size with pH, similar to that found with the first version of Dreiding [2]. Therefore, this variation is inconsistent with the experimental data. Consequently, we also have incorporated hydrogen bonds to the original PCFF force-field. We have investigated a simple modification based in the functional form and parameters considered in the hydrogen bond terms proposed for Dreiding [7] . These terms depend on the distance between donor and acceptor atoms and also on the angle formed by their respective bonds with the H atom. The experimental data are closely reproduced when the different values for the potential well parameter are reduced to be one third of the values employed with the Dreiding force-field. These values were reported in Table S3 of the Supporting Information for Ref. [7] . We have not introduced any additional change in the PCFF parameters for the dendrimer molecules and their interaction with water.
Results and discussion
Once we have achieved an adequate reproduction of the molecular sizes through the consideration of explicit hydrogen bond interactions, we have analyzed different conformational properties corresponding to these simulations that may help us to describe the space distribution of atoms. As a reference for the location of the different dendrimer shells, we show in Tab. 1 the mean location of the different amine groups (the 2 amine groups in the molecule center are omitted).
It can be observed that the outer amine groups belonging to the protonated molecules are at a significantly higher distance with respect to the neutral molecule than the inner groups. The overall mean distance is also greater for the protonated molecules. However, the mean radius of gyration of the neutral and protonated molecules obtained from the same simulation trajectories are more similar, 20.2 and 21.7 Å, respectively [11]. These results are satisfactorily close to the values 21.1 and 22.1 obtained for the same dendrimers with the modified Dreiding force-field [7] and with the 21.4 value obtained from SANS [5] (without significant pH variation). We have not found significant differences in the mean density profiles between the two types of molecules. This suggests that the main difference between both molecules is not in the size or the radial distribution (obtained as an orientational and conformational average) but in the orientational density distribution corresponding to the different conformations. We have analysed this property in the present work.
We report the angular distribution of the dendrimer density distribution corresponding to the last step of our equilibrated trajectories. Using an arbitrarily defined set of polar coordinates with origin at the dendrimer center, we create a three-dimensional mesh of elements defined by equally spaced interval of R, cos(θ) and ϕ and evaluate the normalized density (in macroscopic units) of dendrimer atoms in each one of these elements. In Figs. 1 to 4 , we show contour plots of the density corresponding to two different values of R, R=11.25 and 15.75 Å, closer to the dendrimer core and at an intermediate shell, see Tab. 1.
It can be observed that the conformations of neutral and protonated dendrimer show significantly different orientational atomic distributions. The neutral dendrimer shows a more continuous distribution, while the protonated molecule shows a significant gap that divides the molecule into separated regions. This segregation is possibly associated to the division into different dendrons.
The snapshots of these different distributions provided in Fig. 2 of Ref. [7] (previous simulations with the Dreiding potential) are in agreement with this description. However, the discussion was not focused in a dendron segregation effect but in a transition from dense core to dense shell conformations characterized by the different peaks in the radial density profiles. These two forms are reminiscent of the older Boris-Rubinstein [16] and de Gennes-Hervet [17] theoretical models. Snapshot of our protonated and neutral dendrimers can also be observed in Fig. 5 and they are also in agreement with some degree of dendron segregation for the protonated molecules. As we have described above, our simulations do not show important differences in the dendrimer radial density profiles [11] but they point out a more significant change in the angular distribution.
The different dendrimer distributions lead to different forms of solvent penetration [11] . In the neutral dendrimer, a more uniform distribution implies a greater overall permeability over a similar molecule volume. This way, more water molecules can be "adsorbed" i.e., they can be located closer to the tertiary amine groups. However, in the case of the protonated dendrimer, some water molecules can be located closer to the dendrimer center, penetrating through the gaps between dendrons, although not so many molecules can be located close to the ternary amines in the intermediate shells.
This description is consistent with Fig. 6 showing the time evolution of the number of water molecules closer to the amine groups in the core, intermediate and external shells. It can be observed that the water molecules are able to move inside the dendrimer and their location alternates between the shells. More water molecules can penetrate to the core in the protonated dendrimer, but the total number of water molecules in the intermediate shells is higher for the neutral molecule. Consequently, the neutral molecule adsorbs more water molecules and the total number of external water molecules i.e. closer to the outer shell) is greater for the protonated case.
Experimental SANS data cannot describe these differences since the only provide an estimation of the dendrimer global size. NMR spectroscopy, however, gives more information at local scale. A recent NMR study for functionalized G4 PAMAM dendrimers [18] indicates that a higher number of water molecules interact with the dendrimer molecule in high pH conditions. This is in qualitative agreement with the significantly greater number of water molecules associated to the dendrimer intermediate shells shown in Fig. 6 .
Conclusions
We have performed Molecular Dynamics simulations of low and high pH aqueous solutions of G=4 PAMAM-EDA dendrimers using a modified PCFF force-field, where the hydrogen bonds are taken explicitly into account. The size of the protonated dendrimer was found to be slightly larger than the neutral one, though both values are close to the experimental SANS data [11] . However, the internal configurations of the two dendrimers are significantly different. A detailed analysis of the spatial dendrimer atom distribution reveals a more noticeable orientational segregation for the protonated molecule, low pH. Also for this case, the location of a lower number of water molecules in the intermediate dendrimer shell together with a greater permeation of water molecules to the core for suggest a significant degree of dendron segregation.
It should be noted that the apparent pH driven transition from a more permeable, more uniform, dendrimer distribution at high pH (neutral dendrimer) to a dendron segregated form at low pH (protonated dendrimer) may have implications in order to understand the performance of PAMAM-EDA molecules in the transport or delivery of different drugs or other types of pH modulated biological applications, even though this dendrimer does not show a noticeable change of size at varying pH values. 
